Objective To establish a supraorbital nerve sensory conduction recording method and assess its usefulness. Methods Thirty-one healthy subjects without a history of trauma or neurological disease were recruited. For the orthodromic procedure, the recording electrode was attached immediately superior to the supraorbital notch. The stimulation electrode was placed on points along the hairline which evoked the largest sensory nerve action potentials (SNAPs). The antidromic sensory response was recorded after switching the recording and stimulating electrodes. The measured parameters were onset latency, peak latency, and baseline to peak amplitude of the SNAPs. The electrophysiological parameters of the bilateral supraorbital nerves were compared. We also recruited two patients who had sensory deficits on one side of their foreheads because of laceration injuries. Results The parameters of orthodromically recorded SNAPs were as follows: onset latency 1.21±0.22 ms (range, 0.9-1.6 ms), peak latency 1.54±0.23 ms (range, 1.2-2.2 ms), and baseline to peak amplitude 4.16±1.92 µV (range, 1.4-10 µV). Those of antidromically recorded SNAPs were onset latency 1.31±0.27 ms (range, 0.8-1.7 ms), peak latency 1.62±0.29 ms (range, 1.3-2.2 ms), and baseline to peak amplitude 4.00±1.89 µV (range, 1.5-9.0 µV). There was no statistical difference in onset latency, peak latency, or baseline to peak amplitude between the responses obtained using the orthodromic and antidromic methods, and the parameters also revealed no statistical difference between the supraorbital nerves on both sides. Conclusion We have successfully recorded supraorbital SNAPs. This conduction technique could be quite useful in evaluating patients with supraorbital nerve lesions.
INTRODUCTION
The supraorbital nerve, which is a terminal branch of the trigeminal nerve, innervates the skin of the forehead and frontoparietal scalp. Therefore, damage to the supraorbital nerve can result in paresthesia or hypoesthesia of the skin that it innervates.
Supraorbital neuropathy can easily result from trauma to the forehead or orbital rim. Supraorbital nerve injury after trauma can lead to post-traumatic supraorbital neuralgia [1] . Injuries can also result from complications of various surgeries such as forehead lifts, surgeries to treat blepharospasm, fronto-glabellar reconstruction flaps, and endoscopic brow lifts [2] [3] [4] .
The supraorbital nerve has been implicated in cervicogenic headache and migraine. Thus, supraorbital nerve blockade is often used to treat these problems [5, 6] . Peripheral supraorbital nerve stimulation is sometimes used to treat trigeminal neuralgia. Hence, precise assessment of nerve damage and nerve function is crucial in determining the extent of damage and potential for recovery of the supraorbital nerve. Furthermore, well-established supraorbital nerve conduction techniques can be beneficial to research in the near future.
There are ongoing attempts to establish recording methods in other peripheral nerves [7, 8] . In the case of the supraorbital nerve, Raffaele et al. [9] suggested a method for measuring conduction in the ophthalmic branch of the trigeminal nerve using orthodromic methods in 1987. Therimadasamy et al. [10] established a method for obtaining antidromic sensory nerve action potentials (SNAPs) in 2011. Other than these two studies [11, 12] , there has been no electrodiagnostic study providing useful information on the diagnosis of supraorbital neuropathy. Herein, we describe a method for evaluating supraorbital sensory nerve conduction, and we also report two cases of forehead hypoesthesia caused by trauma in which supraorbital nerve injury was diagnosed using this method.
MATERIALS AND METHODS
This study was approved by the Korea University Anam Hospital Institutional Review Board in 2015. All the subjects were recruited prospectively.
Healthy subjects
A total of 31 healthy subjects who had no history of trauma or neurological deficits were recruited. Volunteers with diabetes mellitus, chronic alcohol consumption, or other diseases that could affect peripheral nerve were excluded. Subjects were currently not taking any medications and had not had previous surgeries or procedures around their foreheads. The study group was composed of 12 men and 19 women, with a mean (±standard deviation) age of 39.7 (±15.6) years.
A nerve conduction study was carried out using a Dantec Counterpoint MK2 device (Medtronic, Minneapolis, MN, USA). Bilateral assessments were taken of the foreheads of 29 subjects. Two subjects refused to take part in the bilateral side, so only right side assessment was done. Thus, 60 supraorbital SNAPs were measured in total. Supraorbital SNAPs were recorded using orthodromic and antidromic techniques. For the orthodromic technique, the recording bar electrode was attached immediately superior to the supraorbital notch (Fig. 1) . The position of the stimulating electrode was moved incrementally between 3 to 7 cm laterally from the midline at the level of the hair line. The point evoking the orthodromic SNAP with the largest amplitude was selected. Averaging technique was used to confirm reproducibility and to avoid artifacts. The location of the stimulation site was recorded by measuring the vertical distance from the nasion and the horizontal distance from the midline. When that point was determined, the recording and stimulating electrodes were switched, and the antidromic sensory conduction study was performed (Fig. 2) . The stimulating electrode was located at the supraorbital notch, and www.e-arm.org the recording electrode was located at the site where the stimulating electrode had been placed in the orthodromic study. If an appropriate response was not obtainable after 50 or more stimulations, we interpreted the case as having no evoked potential. Stimulation intensity was between 3 and 8 mA. The measured parameters were onset latency, peak latency, and baseline to peak amplitude of the SNAPs.
All statistical analyses were performed using SPSS Statistics ver. 2.0 software (IBM, Armonk, NY, USA). A paired t-test was performed to compare the parameters of SNAP between the sides of the forehead and between the two techniques. The p-values under 0.05 were considered statistically significant. The sample size that would result in statistical significance was estimated using G*Power ver. 3.1.9.2 software (Heinrich-Heine-Universität Düsseldorf, Germany).
Patients
To evaluate the clinical utility of the new method, supraorbital SNAPs were recorded in two patients with forehead trauma.
Patient 1
Patient 1 was a 40-year-old woman with left forehead trauma. She had a laceration on her forehead beause she had fallen down and hit a door 3 months prior to the study. She complained of hypoesthesia in the sensory territory of the left supraorbital nerve (the left forehead and anterior scalp) (Fig. 3A) . Although there was no sensation initially, it gradually returned over time, reaching almost 90% of the normal levels. www.e-arm.org
Patient 2
Patient 2 was a 43-year-old man with a right head laceration. He had fallen off of a bicycle and got a laceration on his midline to right forehead 6 months prior to the study. He complained of paresthesia in his right forehead and scalp. The paresthesia was in the upper region of the scar (Fig. 4A) . The paresthesia remained unchanged up to the time of the study.
RESULTS

Healthy subjects
Thirty-one subjects completed the supraorbital conduction study. The mean age of the subjects was 39.74±15.57 years (range, 25-73 years). The SNAP response was obtained bilaterally in 29 of the 31 subjects, and unilaterally in 2 subjects. An appropriate biphasic response was elicited in 60 orthodromic trials. In the antidromic study, 53 antidromic SNAPs were obtained. Antidromic SNAPs were not obtained in 7 subjects in whom an orthodromic response was elicited.
The stimulation site was 6.85±1.08 cm superior to the nasion and 5.07±0.77 cm lateral from the midline. The parameters of orthodromically recorded SNAPs were as follows: onset latency 1.21±0.22 ms (range, 0.9-1.6 ms), peak latency 1.54±0.23 ms (range, 1.2-2.2 ms), and baseline to peak amplitude 4.16±1.92 µV (range, 1.4-10 µV). Those of antidromically recorded SNAPs were onset latency 1.31±0.27 ms (range, 0.8-1.7 ms), peak latency 1.62±0.29 ms (range, 1.3-2.2 ms), and baseline to peak amplitude 4.00±1.89 µV (range, 1.5-9.0 µV) ( Table 1) . There was no statistical difference in onset latency, peak latency, or baseline to peak amplitude between the responses obtained using the orthodromic and antidromic methods and no statistical difference between the sides of the forehead. Between-side difference in amplitude was less than 50% in every subject. The electrophysiologic parameters revealed no differences acoording to gender and age.
Patients
Patient 1
The supraorbital SNAPs obtained from Patient 1 are www.e-arm.org shown in Fig. 3B and C. The amplitudes of the supraorbital SNAPs were 5 µV on the left and 10 µV on the right. The patient was diagnosed with incomplete supraorbital neuropathy given the between-side difference in amplitude.
Patient 2
The supraorbital SNAPs obtained from Patient 2 are shown in Fig. 4B and C. Supraorbital neuropathy was identified by latency delay and a side-to-side difference in amplitude. The right side had a 2.0-ms peak latency and a 2.7-µV amplitude, whereas the left side had a 1.6-ms peak latency and a 6.4-µV amplitude.
DISCUSSION
In this article we describe a technique for measuring supraorbital nerve conduction. Reliable SNAPs can be obtained with either orthodromic or antidromic methods.
In previous studies, Shahani [13] and Jandolo et al. [14] used the blink reflex to evaluate the conduction velocity of the supraorbital nerve. Most past studies measured conduction in the supraorbital nerve indirectly with the blink reflex [15, 16] . However, use of the blink reflex has limitations. In 1987, Raffaele et al. [9] suggested a method for recording the ophthalmic branch of the trigeminal nerve using an orthodromic method. Raffaele's method was similar to ours. They placed the recording electrode over the supraorbital ridge and the stimulating electrode on the lateral forehead, but their method was not precisely described. Also, their study included only 10 subjects. The amplitude of the supraorbital nerve SNAP was 32.8±2.8 µV. Even though they measured peak-topeak amplitude, their observed amplitudes were much larger than those in our study. Considering the fact that the supraorbital nerve is a relatively small sensory nerve fiber, the large amplitude could have resulted from a large volume-conducted positive deflection. Today, it is standard to measure the baseline to peak amplitude; doing so is recommended by the American Association of Neuromuscular & Electrodiagnostic Medicine (AANEM). Our study reported normal values of supraorbital SNAP amplitude using baseline to peak measurements. In 2012, Therimadasamy et al. [10] recorded antidromic SNAPs from the supraorbital nerve in 17 subjects. They fixed the locations of the stimulating and recording electrodes. Anatomical variations such as size of the forehead, hairline level, scalp, and skin texture of each subject were not considered. Therefore, a consensus regarding an optimal supraorbital nerve conduction method has not been arrived at.
Christensen et al. [17] performed anatomic dissection of 16 cadavers in order to observe the supraorbital nerve. At 2.63 cm from the midline and 0.25 cm above the orbital rim, the supraorbital nerve arose from the supraorbital notch and separated into superficial and deep branches. The deep branch, which traveled to the corrugator supercilii and frontalis muscles, ran laterally to the scalp. The superficial branch remained perpendicular to the orbital rim and stayed under the corrugator supercilli and frontalis muscle. It entered the subcutaneous plane by piercing the frontalis muscle at a mean distance of 2.60 cm above the orbital rim and an average depth of 0.3 cm [17] [18] [19] . Hence, we recorded and stimulated the nerve at the hairline level to obtain the maximal SNAPs at the point at which the supraorbital nerve runs most superficially. Supraorbital SNAPs are recorded mostly from the superficial branch because of its anatomic course. Trauma to the forehead can injure the superficial branch of the supraorbital nerve and can cause numbness and paresthesia of the anterior margin of the scalp. The superficial branch often gives rise to multiple sub-branches as it travels in the subcorrugator plane [17] . Although we were able to consistently stimulate the superficial branch, it was technically difficult to stimulate multiple branches because of wide variability in the precise location of these branches. Since we could more easily change the stimulator location with the orthodromic method, we recorded orthodromic SNAPs more easily than antidromic SNAPs.
In this study, the antidromic method produced no response in 7 subjects in which orthodromic resopnses were elicited. The fact that SNAP amplitude in the orthodromic study in 7 patients was relatively small may have created technical pitfalls. There may be additional technical limitations caused by varying head and forehead size and differing scalp, hair, and skin texture.
In our study, the orthodromic method was easier and more accurate than the antidromic method. One of the reasons may be that the muscle artifact is more common in the antidromic method. Another possible reason is that the supraorbital notch can be clearly found, so the www.e-arm.org recording electrode can be easily positioned in the orthodromic study but not in the antidromic study.
In general, the antidromic method produces SNAPs with larger amplitudes than does the orthodromic method [20] since the recording electrodes in the former method are closer to subcutaneous neural tissue. Depending on the anatomical position of the supraorbital nerve, antidromic recording electrodes are closer to the subcutaneous neural tissue because the supraorbital nerve pierces the frontalis muscle and runs subcutaneously at the hairline level. Nevertheless, this study demonstrated that the orthodromic method showed slightly larger amplitudes than the antidromic method, even though the difference was not statistically significant. This result could have been caused by a technical limitation, or perhaps the difference in neural tissue depth was too small to make a statistically meaningful electrophysiological difference.
The orthodromic method produces SNAPs much more easily, as we mentioned above. We can minimize artifacts by simply changing the electrode according to the patients' anatomic variablilty. We could get potentials more easily with the orthodromic study when the amplitude of SNAPs is small, as is supported by our results. In contrast, the nerve fiber is closer to the recording electrodes in the antidromic method. Although it is not clear that that difference is meaningful because of the small sample size, further studies may address the anatomical advantages of the antidromic method.
Both Patient 1 and Patient 2 showed a difference in bilateral supraorbital SNAP amplitude. This fact, considered together with the clinical findings, indicates that Patient 1 has a conduction block of the supraorbital nerve. Her scar was not deep enough to directly damage the supraorbital nerve and her symptom, hypoesthesia, gradually got better until the point that her sensation is about 90% of normal now. As it is thought that electrophysiologic improvement is evident later than symptomatic improvement, restoring of the amplitude of her supraorbital SNAP is expected.
Patient 2 complained of paresthesia above his scar. The symptom remained unchanged for 6 months after the trauma. The laceration was close to the hairline level, where the supraorbital nerve runs subcutaneously. The laceration could have caused the right supraorbital nerve injury, so the amplitude was low and latency was delayed.
This study has some limitations. We conducted 60 orthodromic and 53 antidromic trials, but the sample size is still relatively small to clarify the statistical difference between the antidromic and orthodromic group. We estimated sample size to see the difference of amplitude between the two techniques using G*Power ver. 3.1.9.2 for Windows, and the estimated smaple size was 957. Since the difference of the amplitude between the two groups is very small, a relatively large number of subjects are needed to create sufficient statistical power. It remains to be proven if these results will generalize to a larger cohort.
In conclusion, in this study we have shown that supraorbital sensory conduction is helpful in confirming a diagnosis of supraorbital neuropathy. Based on the results of this study, the orthodromic technique is recommended, as the responses are better than with the antidromic technique. The orthodromic method is a reliable way to investigate supraorbital nerve conduction, which may be useful in studying some focal and systemic pathologies. Further studies are needed to test the diagnostic utility in patients with supraorbital neuropathy.
